The phospholipid composition of various strains of the yeast, Saccharomyces cerevisiae, and several of their derived mitochondrial mutants grown under conditions designed to induce variations in the complement of mitochondrial membranes has been examined . Wild type and petite (cytoplasmic respiratory deficient) yeasts were fractionated into various subcellular fractions, which were monitored by electron microscopy and analyzed for cytochrome oxidase (in wild type) and phospholipid composition . 90% or more of the phospholipid, cardiolipin was found in the mitochondrial membranes of wild type and petite yeast . Cardiolipin content differed markedly under various growth conditions . Stationary yeast grown in glucose had better developed mitochondria and more cardiolipin than repressed log phase yeast . Aerobic yeast contained more cardiolipin than anaerobic yeast . Respiration-deficient cytoplasmic mitochondrial mutants, both suppressive and neutral, contained less cardiolipin than corresponding wild types . A chromosomal mutant lacking respiratory function had normal cardiolipin content . Log phase cells grown in galactose and lactate, which do not readily repress the development of mitochondrial membranes, contained as much cardiolipin as stationary phase cells grown in glucose . Cytoplasmic mitochondrial mutants respond to changes in the glucose concentration of the growth medium by variations in their cardiolipin content in the same way as wild type yeast does under similar growth conditions. It is concluded that cardiolipin content of yeast is correlated with, and is a good indicator of, the state of development of mitochondrial membrane .
INTRODUCTION
The yeast, Saccharomyces cerevisiae, offers a unique opportunity for the study of mitochondrial biogenesis . It is a facultative anaerobe, being capable of growing anaerobically with glucose or related carbohydrate as carbon source, while aerobic growth may be supported by a wide variety of 490 carbon compounds, including lactate, glycerol or acetate . During anaerobic growth on a medium with a high glucose content, cytochromes are not formed and characteristic mitochondrial functions disappear, while during aerobic growth mitochondrial profiles and functions readily develop (Slonimski, 1953 ; Yotsuyanagi, 1962) .
During aerobic growth in the presence of large repressive concentrations of glucose, mitochondrial functions are incompletely developed (Ephrussi et al ., 1956 ; Utter, Duell, and Bernofsky, 1967) . With glucose as carbon source, mitochondrial function is only fully expressed as the yeast culture passes into stationary phase, when all the medium glucose is exhausted. This situation clearly affords an excellent system in which to study the factors that regulate the emergence of typical mitochondrial activities . The availability in yeast of both cytoplasmic and chromosomal mutants (Ephrussi, 1953 ; Sherman and Slonimski, 1964) , which affect mitochondrial function, furnishes yet a further advantage for the study of the mechanisms of mitochondrial formation in this organism . The mutants affecting mitochondrial function are readily identifiable by their inability to grow on a nonfermentable carbon source, e .g ., glycerol . The lack of oxidative activities in anaerobic yeast is not associated with a complete absence of mitochondrial membrane profiles (Swift, Rabinowitz, and Getz, 1967 ; Swift, Rabinowitz, and Getz, 1968 ; Plattner and Schatz, 1969) . This situation is reminiscent of that observed in the mitochondrial mutants, where recognizable (cytoplasmic mutants) and in some cases normal (chromosomal mutants) mitochondrial structures are seen without any evident terminal respiratory activity (Yotsuyanagi, 1962) . Thus both in anaerobically grown yeast and in certain mutant yeasts, microscopically identifiable mitochondrial membranes and characteristic mitochondrial function do not develop in parallel .
For the study of mitochondrial membrane biogenesis and its regulation, the availability of a membrane marker that is independent of respiratory function would be of considerable value. The characterization of, and analytical procedures for, the structural or noncatalytic proteins are currently insufficiently refined for this purpose . We therefore turned our attention to the phospholipid components of these membranes . We were encouraged in this by the observation that the phospholipid, cardiolipin, is found to be particularly associated with mammalian mitochondrial membranes (Fleischer et al., 1967 ; Getz et al ., 1968) and especially with the inner mitochondrial membrane (Parsons et al ., 1967 ; McMurray and Dawson, 1969) . We have embarked on an examination of the phospholipid composition of whole yeast and its subcellular fractions in order to evaluate whether in yeast, also, cardiolipin is particularly associated with mitochondrial membranes . In this paper we also report on the phospholipid and cardiolipin content of several strains of yeast, diploid and haploid, normal with respect to respiratory status, and derived respiratory-deficient mutants . With one exception (i .e ., loss of auxotrophy for lysine in Rt P7 p+ vs. sch p7 p+-see Table I ), the respiratory mutants were isogenic with the wild type strains in all characters other than their respiratory status. We have analyzed the phospholipids of neutral and suppressive cytoplasmic mitochondrial mutants in view of the possibility that the basic defect in each of these two mutants might be different . This was considered especially important in the light of the observed differences in buoyant density of mitochondrial DNA in mutants of this type (Mounolou, Jakob, and Slonimski, 1966) . The strains were cultured under growth conditions designed to induce variations in the complement of mitochondrial membranes .
MATERIALS AND METHODS

Strains of Yeast
All strains of yeast employed in these studies were provided from the collection of Dr . P . P. Slonimski . Three sets of isogenic yeast strains were studied . The phospholipid composition of the first two of these sets was determined, while the third set was used for genetic testing . The characteristics of these strains are tabulated in Table I . An explanation of the significance of the rho factor (p) was given elsewhere (Getz et al ., 1970) .
The particular set of haploid strains was chosen because it contains a large amount of mitochondrial DNA in comparison to the diploid yeast 237 (Mounolou, 1968) . Several chromosomal loci controlling rnitochondrial function have been identified (Sherman and Slonimski, 1964) . This set of strains varies in the locus designated P7 (respiratory-competent wild type) or p7 (respiratory-deficient mutant) .
Culture Media
Cultures were grown aerobically on enriched media as described by Getz et al. (1970) . In some experiments 2%Jo galactose or 2 0/o Na lactate replaced glucose as the carbon source in the medium. For cell fractionation, diploid yeast, wild type (YFp+) and "petite" (YFAp ), were grown to midexponential phase in 2% galactose. Strains of the haploid set (sell P7 p+ ; Ri P7 p+ ; g p7 p ; 1l6 P7 p) were S . JAEOVCIC ET AL .
Diploid set
Yeast foam 237 Yeast foam 237 A (Ephrussi and Grandchamp, 1965 ; . The plates were stained using the tetrazolium overlay technique (Ogur and Rosen, 1950) to determine the number of respiratory-sufficient colonies (which stain red) .
grown in the chemostat as described by Mounolou, Jakob, and Slonimski (1966) . The medium used for chemostat growth (3-S) contained in 1 liter : 10 g yeast extract, 1 g KH2PO4, 1 .2 g (NH4 ) 2SO4 , and 50 g glucose. 15 ml of Antifoam A (Dow Corning Corp., Midland, Mich.) , 1 g streptomycin, and 5,000,000 units penicillin were added to 8 liters of culture medium . Precultures were grown in 3S medium containing only 0.5 0/0 glucose and were collected in the exponential phase of growth in order to introduce a low glucose concentration at the beginning of the culture in the chemostat . The 500 ml chemostat flasks contained 88-136 ml of medium . The flow rate was about 18 .0 ml/hr and generation times were between 4 .2 and 5 .4 hr. The collection of the first 48 hr was discarded . The optical density of the cultures was constant during the next 3 days of collection and was indicative of stationary growth phase . Glucose was not detectable in the medium during the steady state growth. Yeast cells were collected for phospholipid analyses on the 3rd-6th day . Cultures were tested daily for growth on different media to ensure that no respiratory sufficient revertants had appeared. Strains of the haploid set were also grown in shaker flasks to the exponential phase of growth in 3S medium 492 THE JOURNAL OF CELL BIOLOGY . VOLUME 48, 1971 containing 5% glucose. In some cases, the respiratorysufficient haploid strain R1 P7 p+ was also grown to late stationary phase in 3S medium, and to late stationary and midexponential phases in enriched medium containing 2% glucose.
Yeast Collection and Breakage
The yeast cells were harvested by centrifugation at appropriate stages of the growth cycle, washed twice with ice-cold water, and either broken or frozen immediately thereafter . When phospholipid analysis was to be of the whole yeast only, cell breakage was performed at 0-5°C in the Ribi cell fractionator (Ivan Sorvall Inc., Norwalk, Conn .) as described by Getz et al . (1970) . In most cases cells were broken within a week of collection. On the other hand, the cells of the haploid set (R1 P7 p+ and mutant cells) grown in the chemostat, and log phase cultures of these same yeast strains grown in 3S medium, but not in the chemostat (grown in Gif-sur-Yvette, France), were stored as a yeast cake at -20°C for 6 months before mechanical breakage and lipid extraction. Small samples of the broken yeast cell suspension were Lowry et al. (1966) .
Cell Fractionation
Cell fractions used to study phospholipid distribution (Table II) were isolated from protoplasts of diploid yeast . Protoplasts were prepared with glusulase (Endo Laboratories, Inc ., Garden City, N . Y.) as described by Rabinowitz et al . (1969) . They were disrupted as previously described (Rabinowitz et al ., 1969) except that the concentration of ethylenediaminetetraacetate (EDTA) in breaking solution was increased from 1 X 10 -3 M to 5 X 10-3 M in the hope of minimizing phospholipolytic activity .
A portion of the broken protoplast homogenate was saved for lipid and protein analysis and for cytochrome oxidase assay. The remainder of the suspension was centrifuged in the Servall RC2B refrigerated centrifuge at 1500g for 10 min . The pellet constituted the debris fraction . The supernatant was centrifuged again at 1500 g for 10 min and the pellet was discarded . This last step was repeated once more, to reduce contamination of mitochondria by whole protoplasts. The supernatant of the last 1500g centrifugation was centrifuged at 17,300g for 10 min. The pellet was resuspended in protoplast breaking solution and recentrifuged at 17,30Gg for 10 min . This last washing procedure was repeated twice more, the final three times washed pellet constituting the mitochondrial fraction . The supernatant from the sedimentation of the mitochondrial fraction was centrifuged at 48,000 g for 30 min . The pellet from this centrifugation is designated the intermediate fraction, and the supernatant was sedimented in the Spinco L2-65 centrifuge in rotor No. 60 at 60,000 rpm for 60 min to yield the microsomal pellet and a supernatant that was discarded . The debris, mitochondrial, intermediate, and microsomal fractions were saved for lipid analysis, protein determination, and cytochrome oxidase assay. The same fractionation procedure was employed for diploid petite yeast (YFAp) except that the mitochondrial fraction was obtained and washed at 27,000g for 10 min. The mitochondrial fractions of both wild type (YFp+) and petite (YFAp) yeasts were examined by electron microscopy .
Electron Microscopy
Mitochondrial pellets for electron microscopy were prepared from a small sample of the mitochondrial suspension removed prior to the final centrifugation for the third wash of the mitochondrial fraction . The entire pellet from this sample was fixed for electron microscopy in an attempt to ensure random sampling of the mitochondrial fraction . The mitochondrial pellets were fixed for 1 hr at 4°C in 4% glutaraldehyde (Polysciences, Inc ., Rydal, Pa .) in 0.1 M phosphate buffer and 1 oJ o sorbitol . Shortly after introduction into the fixation medium, pellets were divided into pieces less than 1 mm across . These pieces were washed in phosphate-buffered sorbitol, postfixed in 1 % osmium tetroxide in phosphate-buffered sorbitol, and embedded in Epon . Thin sections were stained with uranyl acetate and Reynolds' lead citrate .
Cytochrome c Oxidase Assays
Cytochrome c oxidase was measured as described by Rabinowitz et al . (1969) . In the case of the cell fractionation experiments, results are expressed as the first order rate constant K/min per mg protein calculated as described by Cooperstein and Lazarow (1951) . In the case of yeast grown under various different conditions for lipid analysis of whole yeast, enzyme activities were determined on a mechanically broken yeast suspension and results are expressed as mumoles cytochrome c oxidized/min per mg protein .
Cytochrome c oxidase activity was largely inactivated by breakage of yeast in the Ribi cell fractionator at 40,000 pounds per square inch, the breakage method employed for whole yeast to be subjected to lipid analysis . Therefore, for enzyme assays on whole yeast, samples of yeast, grown under the same conditions as the samples employed for lipid analysis, were broken mechanically in the Braun shaker (W . Braun, Co., Chicago, Ill .) as described by Henson, Weber, and Mahler (1968) . The homogenate was centrifuged at 1000 g for 10 min and the supernatant was used for oxidase assay . (We are grateful to Dr . B . Levin for help with these experiments .) Repeated assays for cytochrome c oxidase in petite yeast revealed no demonstrable activity .
Lipid Extraction and Chromatographic Analysis
Procedures for the extraction, chromatographic quantitative determination of lipid, and expression of results have been described by Getz et al . (1970) . The only variation was that samples prepared in the cell fractionation experiments were initially extracted with 4 vol of absolute ethanol (final concentration of ethanol 80%), held for 15 min at 80°C, and shaken at room temperature overnight. This substituted for the overnight room temperature extraction with 19 vol of ethanol (final concentration of ethanol 95%) used with all other yeast samples . This variation was an attempt to limit the phospholipolytic activity in the fractions prior to analysis, as suggested by Letters (1967) . Evidence for the quantitative nature of this extraction procedure has been provided by Letters (1966 Letters ( , 1967 and Harrison and Trevelyan (1963) . Although peroxides were not measured directly in the lipid extract, major deterioration of lipids did not ap-S . JAKOVCIC ET AL . $ Abbreviations: DPG, diphosphatidyl glycerol or cardiolipin ; PE, phosphatidyl ethanolamine ; PC, phosphatidyl choline or lecithin ; DMPE, dimethylphosphatidyl ethanolamine, PG, phosphatidyl glycerol ; PA, phosphatidic acid ; PS, phosphatidyl serine ; LPE, lysophosphatidyl ethanolamine ; PI, phosphatidyl inositol ; LPC, lysophosphatidyl choline or lysolecithin ; PLP, phospholipid phosphorus . § Total phospholipid phosphorus recovered in the whole extract for each gram of whole yeast protein or fraction protein extracted .
!I The calculations of these percentages were all based upon setting the total cardiolipin, phospholipid, or protein recovered in the sum of the fractions at 100% . pear to take place as judged by the very pale color of the extract and the absence of any significant material remaining at the origin of thin-layer chromatograms . Sterol analysis was made by the LiebermannBurchard reaction (Huang et al ., 1961) performed on the whole purified lipid extracts . Ergosterol was employed as standard for these analyses . Bearing in mind the limitations of this analysis, several features of the composition of cell fraction phospholipids are evident . The mitochondrial fraction is characterized by its high cytochrome c oxidase activity and its appearance on electron microscopic examination of a representative mitochondrial pellet (Fig . 1) . The distinctive feature of the mitochondrial phospholipid is the large proportion of cardiolipin (15 .6%) contained in this fraction . Mitochondria also contain a higher ratio of phosphatidyl ethanolamine to phosphatidyl choline than any other cell fraction . They contain a lower proportion of phosphatidyl serine and phosphatidyl inositol than is found in the other cell fractions, while the microsomal fraction contains large amounts of phosphatidyl choline and phosphatidyl inositol and relatively little cardiolipin and phosphatidyl ethanolamine . Similar characteristics were observed in the phospholipid composition of a mitochondrial fraction and a microsomal fraction prepared in an equivalent fashion from glucose- ± 6 .0%) can be attributed to the contaminating mitochondria . In other words, in excess of 90% of the whole yeast cardiolipin appears to be associated with mitochondrial membranes .
Lipid Composition of Subcellular Fractions of Respiratory-Deficient Yeast (YFAp )
Respiratory-deficient diploid yeast grown to log phase in galactose was subjected to subcellular fractionation in the same fashion as was wild type yeast . However, to ensure a reasonable recovery of mitochondrial membranes, the mitochondrial fraction was sedimented at 27,000 g for 10 min rather than 17,300 g used for the sedimentation of the wild type mitochondrial fraction . The characterization of the mitochondrial fraction from the respiratory-deficient yeast rests upon the electron microscopic appearance shown in Fig . 2 . The micrograph shown is from a representative pellet of the mitochondrial fraction . In general the distinction between phospholipid composition of the mitochondrial fraction and that of the other cell fractions was similar to that obtained for the wild type yeast cell fractions . The data are presented in detail in Table  III Since glucose is known to repress the formation of mitochondria, the effects of galactose and lactate replacement of glucose as the major carbon source in the enriched medium were investigated . The results of these experiments are presented in Table IV . The total content of phospholipid and the composition with respect to the major phospholipids were strikingly similar in both wild type (YFp+) and petite (YFAp) log phase yeast irrespective of carbon source . The cardiolipin content, however, varied significantly with carbon source and presumably with state of repression of mitochondrial function .
Effect of Growth Conditions on the Cardiolipin Content of Diploid Yeasts
The effects of variations of growth conditions on the cardiolipin content of wild type (YFp+) and petite (YFAp) yeast are presented in summary form in Table V . The degree of repression of respiratory function, as represented by cyto-49 8 THE JOURNAL OF CELL BIOLOGY . VOLUME 48, 1971 * All cultures were grown in enriched medium in which glucose was replaced by the designated substrate at the 2% level . All samples of yeast were mechanically disrupted . $ Numbers in parentheses refer to the numbers of independent cultures analyzed . § The data in these columns are from Getz et al . (1970) . 11 For abbreviations and explanation of mode of expression of data see footnote to Table II . chrome c oxidase activity, and of cardiolipin formation were not similarly affected in a quantitative sense by either glucose or anaerobiosis . of the phospholipolytic enzymes . This was evident from the relatively large amounts of lysolecithin, lysophosphatidyl ethanolamine, and lysophosphatidyl inositol found in extracts of these yeasts . The major objective of this study, however, was to ascertain whether the mutation was associated with a loss of mitochondrial lipids, especially cardiolipin, and whether there was a relationship between the cardiolipin content and the nature of the mutation affecting mitochondrial structure and function . This was why we chose to study these mutants grown under chemostat conditions, i .e ., conditions that would permit the maximal development of mitochondrial membranes . It can be seen from 
DISCUSSION
The phospholipid composition of the mitochondria of wild type diploid yeast (YFp+) is strikingly similar to that reported for mitochondria of several mammalian tissues (Fleischer et al., 1967 ; Getz et al ., 1968) and, more recently, of yeast (Letters, 1966 ; Paltauf and Schatz, 1969) . The phospholipid composition of mitochondria in all of these cell types is characterized by a high proportion of cardiolipin and a higher ratio of phosphatidyl ethanolamine to lecithin than is found in other cellular fractions . In few previous reports have the available data permitted an assessment of the proportion of total cellular cardiolipin which is located in the mitochondria . In this study, it is evident that more than 90% of the total yeast cardiolipin is confined to the mitochondrial membranes, presumably the inner mitochondrial membrane . This is also true for fetal and adult rat liver (Jakovcic et al ., 1971) and probably for rat brain as well (Eichberg, Whittaker, and Dawson, 1964 Fukuhara (1969) that amounts of mitochondrial DNA do not fluctuate much with the physiological state of yeast . This situation has the particular advantage that it may be used to mark mitochondrial membranes, irrespective of their functional competence, as exemplified by the presence of significant concentrations of cardiolipin in anaerobic yeast, where it is concentrated in promitochondria (Paltauf and Schatz, 1969) , and in respiratory-deficient yeast (this study) . That mitochondrial membrane biogenesis may be regulated independent of the development of respiratory capacity is clearly demonstrated by the aerobic development of mitochondria in anaerobically grown yeast even in the presence of cyanide, an inhibitor of
